Molecular dynamics simulations and fluorescence anisotropy decay measurements are used to investigate the rotational diffusion of anthracene in two organic solvents-cyclohexane and 2-propanol-at several temperatures. Molecular dynamics simulations of 1 ns length were performed for anthracene in cyclohexane ͑at 280, 296, and 310 K͒ and in 2-propanol ͑at 296 K͒. The calculated time constants for reorientation of the short in-plane axis were 7-9 and 11-16 ps at 296 K in cyclohexane and 2-propanol, respectively, in excellent agreement with corresponding fluorescence depolarization measurements of 8 and 14 ps. The measured rotational reorientation times and the calculated average rotational diffusion coefficients varied in accord with DebyeStokes-Einstein theory. Their magnitudes were close to values predicted for an ellipsoid of shape and size equivalent to an anthracene molecule, and exhibited predictable variation with external conditions-increasing with temperature and decreasing with solvent viscosity. However, analysis of the calculated rotational diffusion coefficients for the individual molecular axes gave a more complex picture. The diffusion was highly anisotropic and changes in temperature and solvent type led to nonuniform variation of the diffusion coefficients. The nature of these changes was rationalized based on analysis of variation of solvation patterns with temperature and solvent.
I. INTRODUCTION
Translational and rotational diffusion studies provide valuable information on molecular motions in liquids, probing mobility, interactions, structural transitions and chemical reactions. [1] [2] [3] [4] [5] [6] The rotational relaxation of fluorescent and spin probes is also an important tool in studying structure and dynamics of macromolecular systems, such as proteins or membranes. [7] [8] [9] [10] [11] [12] For these reasons molecular diffusion has attracted significant scientific interest, and has been the object of numerous theoretical, experimental and simulation studies.
Investigations of molecular diffusion follow several paths. One path involves use of hydrodynamic theory and the relationship between diffusion and friction. [13] [14] [15] [16] [17] Rotational diffusion coefficients for molecules modeled as regular geometric shapes moving through a continuous viscous medium were given analytically for spheres 18 and triaxial ellipsoids under stick conditions. 19, 20 Numerical results were obtained for biaxial 21, 22 and triaxial ellipsoids under slip conditions. 23, 24 Translational diffusion coefficients were determined analytically for a sphere 18 and a triaxial ellipsoid 19, 20 under stick conditions. More recently numerical results for arbitrary shapes have also been obtained. [25] [26] [27] [28] [29] Another path involves extracting diffusion coefficients from experimental observables, such as fluorescence depolarization, 30, 31 light scattering, 32, 33 forced Rayleigh scattering, 34 electric birefringence 35 and nuclear magnetic resonance ͑NMR͒ spectral parameters. 5, [36] [37] [38] Finally, the advent of computer simulations has opened the door to direct simulations of diffusion, which enable both validation of theoretical models and insight into atomic-level phenomena responsible for experimentally observed effects.
Numerous simulations of translational and rotational diffusion in molecular systems have been performed, on systems ranging from pure liquids [39] [40] [41] to proteins. 42 The majority of the previous simulations focus on pure liquid systems, advantageous for their relative simplicity and enhanced sampling. Only a small number of studies, using relatively short simulations, have been performed for solutions. [42] [43] [44] In this article we present a systematic study of the rotational diffusion of anthracene in organic solvents. In the computational part of the study we calculate the rotational diffusion coefficients from 1 ns length molecular dynamics simulations of anthracene in cyclohexane ͑at 280, 296, and 310 K͒ and isopropanol ͑at 296 K͒. Cyclohexane and isopropanol have been chosen as examples of an alkane and an alcohol solvent, differing not only in room temperature viscosity but also in shape, size and self-interactions. Our study is designed to uncover the role of these different properties on the details of anthracene rotational diffusion. We use several different calculation methods to obtain both the average diffusion constants and diffusion rates around each of the molecular axes. In each simulation we also determine the average three-dimensional solvent distribution around the anthracene molecule. In the spectroscopic part of the paper we present fluorescence anisotropy decay measurements for anthracene in the same solvents as were employed in the simulations. Finally, we compare the detailed simulation rea͒ Current address: NIH, NIDDK, Bldg. 5, 9000 Rockville Pike, Bethesda, Maryland 20892. b͒ Author to whom correspondence should be addressed; electronic mail: kuczera@tedybr.chem.ukans.edu sults with hydrodynamic theory predictions and with fluorescence anisotropy decay measurements. The simulated decay times for reorientation of the transition dipole axis are in good agreement with experimental data in previous 33, 45, 56 and in the present work. Also, the calculated variation of average diffusion coefficients with solvent viscosity and temperature is in accord with simple hydrodynamic theory. Additionally, our simulations indicate that changes in temperature and solvent type lead to nonuniform variations of the diffusion coefficients along the individual molecular axes. The nature of these changes is rationalized based on analysis of variations of microscopic solvation patterns.
Anthracene is a chromophoric model compound which has been extensively studied. Numerous spectroscopic and theoretical investigations of the ground and excited state have been carried out in order to understand the photophysics of anthracene. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] The rotational motion of anthracene in organic solvents has previously been studied with IR/UV double resonance, 56 depolarized light scattering and fluorescence anisotropy decay. 33 Our study, by providing new microscopic details, theoretical analysis and experimental data, is aimed at improving the basic understanding of molecular diffusion of anthracene in particular and also of related probe molecules. Our results suggest that the simple behavior of the average rotational correlation time, often observed for probe molecules such as anthracene 57 may disguise interesting and informative variations in the rotational diffusion coefficients for specific molecular axes. These variations may reflect specific solutesolvent interactions and the microscopic effects of solvent structure. Our results should be a helpful reference for analyzing experimental and simulation results of tethered chromophoric probes. Our study of the relatively rigid anthracene system is also a good starting point on the way to simulating diffusion of more complex, flexible systems of biological interest, such as peptides.
II. METHODS

A. Fluorescence anisotropy decay measurements
In the fluorescence depolarization experiments reported here, pulses at 730 nm were generated by a cavity-dumped rhodamine 700 dye laser, which was synchronously pumped by the second harmonic from a Nd:YAG laser ͑Coherent Antares͒. Cavity-dumped pulses at a repetition rate of 3.975 MHz were frequency-doubled in a BBO crystal to provide an excitation wavelength of 365 nm. The excitation beam was focused near the front face of a 1.0 cmϫ1.0 cm quartz sample cell by a 10-cm lens. Emission photons collected at 90°were passed through a polarizer and a polarization scrambler, focused into a subtractive-dispersion double monochromator ͑American Holographic DB-10͒, and detected by a microchannel-plate photomultiplier tube ͑Hamamatsu R3809U͒. Fluorescence decay profiles were acquired by time-correlated single photon counting ͑Tennelek͒, with the time-to-amplitude converter ͑TAC͒ operated in reverse mode, i.e., the TAC start pulse was derived from the fluorescence photons and the stop pulse from the a laser reference pulse. The instrumental response was characterized by a full width at half-maximum ͑FWHM͒ of about 20 ps.
Zone-refined ͑99%͒ anthracene was purchased from Aldrich and used as received. Spectral grade solvents 2-propanol ͑99.9%͒ and cyclohexane ͑99%͒ were purchased from Aldrich and showed no evidence of significant fluorescence under our experimental conditions. These solvents were bubbled with nitrogen gas for 40 min prior to use. Concentrations of anthracene solutions were kept below 1 ϫ10 Ϫ5 M to reduce the possibility of self-quenching. The initial anisotropy of anthracene with 365 nm excitation was found to be 0.198 in propylene glycol at Ϫ15°C. Polarized fluorescence decay curves were collected separately and tail-matched by collecting until the same signal was acquired over a time range in the tail of each decay where the fluorescence depolarization was essentially complete. The parallel and perpendicular curves were then deconvoluted simultaneously by nonlinear least squares with the Levenberg-Marquardt algorithm. 58 All data were fit with one fluorescence lifetime (ϳ4.7 ns) and one rotational correlation time, with the initial anisotropy fixed at a value of 0.198. Two or three fluorescence depolarization scans were collected for each solvent and temperature, yielding independent measurements of the correlation time. Uncertainties in the rotational correlation times, as estimated from the variance of the data with the Student t correction at the 90% confidence limit, were Ϯ6 ps or less. The rotational correlation times determined in this way also depend on the value of the initial anisotropy. An uncertainty of Ϯ0.01 in the initial anisotropy value introduces an additional uncertainty of about Ϯ5 ps in the rotational correlation times, resulting in a net uncertainty of Ϯ8 ps or less. However, the rotational correlation time determined for each solvent and temperature is affected in the same direction by variations in the value at which the initial anisotropy is fixed. Consequently, the uncertainty in the initial anisotropy does not affect the relative variations in rotational correlation times with solvent and temperature.
B. Force field parameterization
The CHARMM program ͑Version 22͒ was used in the simulations 59 with the version 22 all-hydrogen topology and parameters 60 in which all atoms are treated explicitly. For anthracene all carbons were assigned to the existing CHARMM aromatic carbon type CA, and all hydrogens to the existing type HP. 59 This assignment defined all force field parameters for internal strain and van der Waals potential energy terms. Atomic charges were obtained from the Mulliken population analysis of the HF/6-31G* optimized D 2h structure of anthracene 55 scaled down by 0.9 to correct for systematic error. 61, 62 With these parameters, the CHARMM optimized geometry of anthracene is found to be in good agreement with the crystal structure, with bond length deviations below 0.02 Å and bond angle deviations below 2°. This structure and our convention for labeling anthracene molecular axes are described in Fig. 1 .
For cyclohexane the existing CHARMM aliphatic carbons ͑CT2͒ and hydrogens ͑HA͒ were used with the standard aliphatic charges Ϫ0.18 of on methylene carbons and 0.09 on hydrogens ͑all atomic charges are in atomic units͒. For 2-propanol the CHARMM topology, parameters and atomic charges from the threonine sidechain were used; with atom types CT1 for the CH carbon, CT3 for the methyl group carbons, OH1 for the hydroxyl oxygen, HA for the aliphatic hydrogens and H for the hydroxyl hydrogen. 59 The atomic charges were 0.14 on CT1, Ϫ0.66 on OH1, 0.43 on H, Ϫ0.27 on CT3, and 0.09 on HA. 59 The properties of pure liquid cyclohexane and isopropanol modeled by these parameters are in good agreement with with experimental data.
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C. Molecular dynamics simulations protocol
Four 1 ns trajectories were generated, corresponding to anthracene in cyclohexane at 280, 296, and 310 K, and anthracene in 2-propanol at 296 K. The initial structure of anthracene was taken from the CHARMM optimized geometry. Truncated cubic cells with 108 cyclohexanes and 153 2-propanols were equilibrated at 296 K and constant volume, with densities corresponding to 1 atm pressure ͑densities used: 0.7785 g/cm 3 for cyclohexane, 64 0.7855 g/cm 3 for 2-propanol 64 ͒. After replacing one solvent molecule with anthracene and correcting for the difference in molecular volume between solute and solvent at 296 K, the cyclohexane solution system thus contained one anthracene and 107 cyclohexane molecules in a truncated cubic cell based on a cube of side 33.8366 Å, while the isopropanol system contained one anthracene and 152 isopropanol molecules in a cell based on a cube of side 33.8966 Å. The CHARMM van der Waals volume of anthracene (223 Å 3 ) was used in the correction. An analogous procedure was performed for the cyclohexane simulations at 280 and 310 K; using pure cyclohexane densities of 0.7905 and 0.7625 g/cm 3 , 65 respectively led to simulation cells based on cubes of 33.5318 Å at 280 K and 33.9387 Å at 310 K. In all molecular dynamics ͑MD͒ simulations SHAKE constraints 66 were introduced on the bonds involving hydrogen atoms, allowing use of a 2 fs time step. 67 In energy calculations a 12.0 Å atom based nonbonded cutoff distance was used, with a switching function between 10.0 and 12.0 Å for van der Waals terms and a shift function at 12.0 Å for electrostatics in order to eliminate discontinuities due to the cutoff. Each simulation system was prepared by energy minimization, 10 ps of heating by random velocity assignments at stepwise increasing temperatures and 10 ps equilibration at the target temperature ͑280, 296, and 310 K in cyclohexane͒ and 296 K in 2-propanol, followed by 1 ns trajectory generation. The Verlet algorithm was used for integration of equations of motion in all simulations. 68 Periodic boundary conditions were applied and the simulation conditions corresponded to the microcanonical ensemble. The average temperature fluctuations were 4 K in all four 1 ns trajectories. Coordinates and velocities of all atoms were saved every 0.05 ps for analysis.
D. Rotational diffusion analysis
Rotational diffusion coefficients of anthracene, D r , were calculated using four methods, based on reorientation of the molecule as a whole, reorientation of the individual molecular axes and angular velocity correlation functions ͑AVACF͒ in the laboratory ͑LAB͒ and molecular ͑MOL͒ frames. In the first method the expression 69 D r ϭ͗⌬ 2 (t)͘/6t was used, where ⌬(t) is the angle of rotation of the molecule-fixed frame during time t and ͗...͘ is an average over initial positions. The reorientation angle between two anthracene structures was calculated by overlaying them in the root-meansquare sense using the CHARMM program. 58 We calculated D r from the slope of ͗⌬ 2 (t)͘ in its region of linear behavior, 5-40 ps.
In the LAB AVACF method, the angular velocity time series ជ (t) of rotation around the anthracene CM is calculated from the trajectory as ជ (t)ϭI(t) molecular CM. The diffusion coefficient is then calculated from the integral as follows:
The calculated D r values exhibit some dependence on the upper limit r of the integral. To eliminate this dependence, the average value of the integral for r between 5 and 15 ps was used. This choice was based on analysis of the data: the calculated AVACF tended to fluctuate around zero for times above 3 ps; the AVACF evaluated separately from the two halves of the simulation tended to become uncorrelated for time longer than 5 ps; finally, for times longer than 5 ps the calculated integrals tended to fluctuate around stable values. In the MOL AVACF approach, the anthracene angular velocity time series was transformed to the MOL frame, defined by the principal axes of the instantaneous moment of inertia tensor I(t). This allowed the calculation of rotational diffusion coefficients along individual molecular axes.
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as well as their average D r ϭ(D r,x ϩD r,y ϩD r,z )/3. In all the calculation methods above, the statistical errors of the diffusion coefficients were estimated as the standard deviation of the mean of values obtained by dividing the trajectory into ten consecutive fragments. Rotational diffusion coefficients of anthracene were also derived from correlation functions C 1,i (t) for the reorientation of molecular axes, iϭx,y,z. For a unit vector n ϭ(n x ,n y ,n z ) rotating with the molecule we define: C 1 (t) ϭ͗n(0)•n(t)͘. For a molecule of high symmetry, such as anthracene, we expect that the principal axes of the moment of inertia and diffusion tensors will coincide. We thus evaluate the time series of the principal axis directions of the anthracene molecule n i (t), iϭx,y,z, and evaluate their correlation functions C 1,i (t). In this case rotational diffusion theory predicts that 72, 73 
The calculated C 1,i (t) functions were fitted to singleexponential decays and the rotational diffusion coefficients around the individual molecular axes D r,i derived from the exponents. The statistical errors of the exponents derived from the C 1,i (t), correlation functions were estimated to i be ͱ2 i /T tot , where 1/ i ϭ3D r ϪD r,i and T tot is the total simulation time. 69 The errors of D r,x , D r,y , and D r,z were estimated by error propagation.
E. Calculation of rotational relaxation times
Experimental methods for studying rotational diffusion measure quantities related to the second order correlation function
where n ជ ϭ(n x ,n y ,n z ) is a vector rotating with the molecule. For example, the fluorescence anisotropy decay for parallel absorption and emission transition dipoles is given by 72, 73 r͑t ͒ϭ
where I ʈ and I Ќ are the intensities of emitted light with polarization parallel and perpendicular to that of the exciting pulse and C 2 (t) is the correlation function of the emission dipole axis. Similar expressions hold for methods based on linear dichroism and transient absorption. 73 Assuming that anthracene reorientations have diffusional character and the molecular axes are also principal axes of the diffusion tensor, for transition dipoles oriented along the x, y, or z we expect a biexponential decay for C 2 :
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where D r is the average rotational diffusion coefficient, In order to enable direct comparison with experimental data, we have calculated the correlation functions C 2,i (t), i ϭx,y,z for the principal axes of the instantaneous moment of inertial tensor I(t) of anthracene. In order to minimize ambiguities inherent in fitting noisy data to multi-parameter functions, we used the following fitting procedure to extract time constants and weights for each axis. First we determined the longer relaxation time 2 and its weight (1Ϫa) from the long-time part of C 2,i (t), tϾt 0 ; the cutoff time t 0 was based on the average estimate of 1 from the other methods presented in Table II and was 30 ps for cyclohexane at 296 and 310 K, 60 ps for isopropanol at 296 K and 100 ps for cyclohexane at 280 K. We then determined 1 by fitting the whole C 2,i (t) data to a two-exponential function, y(t) ϭae Ϫt/ 1 ϩ(1Ϫa)e Ϫt/ 2 , with a and 2 fixed at the previously determined values. To check the quality of the fit, we also calculated effective correlation times by integrating the C 2,i (t) functions, ϭa 1 ϩ(1Ϫa) 2 . Within each of the simulation the shortest effective relaxation min was for C 2,y ; the longest effective relaxation max was for C 2,x in cyclohexane and for C 2,z in isopropanol. The times min and max were essentially identical to the 1 and 2 values, respectively, as obtained from fitting. Only in the 280 K cyclohexane simulation were significant deviations between these two sets of data found.
We also used the individual diffusion coefficients D r,x , D r,y , and D r,z determined from fitting the C 1 (t) correlation functions and the MOL AVACF in conjunction with the formulas 71 to obtain separate computational estimates of 1 , 2 and the weights a i ,b i . Finally, to correlate our results with theoretical models of rotational diffusion, we used the predicted values of D r,x , D r,y , and D r,z for a triaxial ellipsoid under slip conditions 23, 24 to obtain relaxation times based on hydrodynamic theory.
F. Solvent distribution analysis
The three-dimensional ͑3D͒ distribution of the solvent molecules around anthracene was analyzed by repeating the following procedure for each trajectory frame: ͑a͒ generating positions of all solvent molecules within 15 Å of the anthracene solute, including image molecules if needed, ͑b͒ orienting coordinates of all the atoms to the principal axis system of the instantaneous moment of inertia of the solute, and ͑c͒ counting and accumulating the distribution of solvent atoms ͑or alternatively: solvent centers-of-mass͒ on a 3D cubic grid of 1 Å side within a range of Ϯ15 Å from the solute center. Comparing the number of counts to that expected for a pure solvent with known molecular volume provides a graphical representation of regions of enhanced or diminished solvent density.
G. Estimates of anthracene size and shape
We used two methods to estimate anthracene size and shape, based on the van der Waals volume and excluded volume. Using CHARMM van der Waals radii 59 we obtain molecular dimensions of 11.8, 7.8, and 4.0 Å along the three principal axes. These results indicate that the molecule may be described as a triaxial ellipsoid with axis ratios of 1.0:0.66:0.34; for a symmetric ellipsoid model the average axis ratio of 0.5 would be appropriate. The volume enclosed within the van der Waals radii of anthracene is 223 Å, 3 as calculated by CHARMM. 59 A separate estimate of size and shape was made by calculating the average volume free of solvent atoms in the simulations. This was done by a method analogous to the 3D solvent distribution calculation with the difference being in the use of a finer cubic grid of 0.2 Å over a smaller range of coordinates and counting all solvent atoms, including hydrogens. The excluded volume was calculated by counting the unoccupied bins around the origin. In the isopropanol simulation the molecular dimensions found were 13.1, 9.1, and 4.6 Å along the three principal axes, corresponding to an axis ratio of 1.00:0.69:0.35. In all three cyclohexane trajectories the dimensions were 12.9, 9.0, and 4.9 Å, corresponding to an 1.00:0.70:0.38 axis ratio. The excluded volumes from the four simulations fell in the 310-340 Å 3 range. Due to the irregular shapes of the cavities occupied by anthracene and the relatively low average number of counts per bin on a 0.2 Å grid, more precise results are difficult to obtain. However, several trends may be found. First, the ellipsoid models of molecular shape are qualitatively similar in excluded volume and van der Waals calculations, with the former having 10%-20% larger dimensions, and ϳ50% higher volumes. This is in agreement with experimental findings that partial molar volumes of nonpolar solutes are generally significantly higher than their van der Waals volumes. 75 Second, the largest, and thus most significant, shape change in the excluded volume results is the decrease of the cavity dimension perpendicular to the anthracene plane in isopropanol relative to anthracene.
III. RESULTS AND DISCUSSION
A. Average diffusion coefficients
The calculated rotational diffusion coefficients of anthracene in solution are given in Tables I and II . Four different methods of calculating the average diffusion coefficient D r were used ͑see Sec. II͒. Within each simulation all four methods yielded results that agreed within their statistical errors. The mean values of D r from the four calculation methods were 0.006, 0.015, and 0.016 ps Ϫ1 for cyclohexane solutions at 280, 296, and 310 K, respectively, and 0.008 ps Ϫ1 for the isopropanol solution at 296 K. These results show general trends in qualitative agreement with experimental observations and theoretical predictions of faster diffusion at higher temperatures and in solvents of lower viscosity. 57 The simplest model of rotational diffusion is that of a sphere of volume V moving through a medium of viscosity with stick boundary conditions; the diffusion coefficient is then given by the Debye-Stokes-Einstein ͑DSE͒ formula 13 . The relative values of the computed diffusion coefficients D r are approximately reproduced by these results. However, the absolute values of the calculated diffusion coefficients are about 3-5 times higher than the above DSE treatment. Similar effects have been found in experimental studies. 77, 78 These deviations may be explained by two main factors-diffusion anisotropy and deviation of boundary conditions from stick type.
Under stick conditions the effects of anisotropy are predicted to be small. Using Perrin's formulas, 19, 20 we obtain a shape factor ͑equal to the ratio of the rotational friction coefficient to that of a sphere of equal volume͒ of Fϭ1.2 for a prolate symmetric ellipsoid with axis ratio 0.5, and Fϭ1.3 for an asymmetric ellipsoid with ratio of axes of 1.0:0.66:0.34. Applying these correction factors would decrease the DSE diffusion coefficients by 20%-30%, moving them further away from the calculated results.
A number of simulations and experimental studies suggest that slip boundary conditions may be appropriate for many organic molecules in solution. 43, [79] [80] [81] Faster diffusion rates are expected under slip conditions; 79, 80 e.g., a symmetric ellipsoid should undergo free rotation around its symmetry axis, since such motion displaces no solvent. Using the results of Youngren and Acrivos 23 as corrected by Hochstrasser and Sension, 24 we obtain diffusion coefficients in much better agreement with the calculated results. Using the same solvent viscosities as described above and coefficients from Table I Our calculated average diffusion coefficients are thus consistent with hydrodynamic theory predictions under slip conditions with reasonable assumptions of anthracene shape and size. Comparable agreement has been found for experimental results for similar systems. 33, 45, 56 This suggests that our results are reasonable. We may thus use the wealth of information contained in the trajectories to calculate quantities that are difficult to measure experimentally but provide valuable insight into the molecular details of the observed processes. We will focus on three aspects-diffusion anisotropy, analysis of solvent structure, and details of solute and solvent motions.
B. Anisotropy
The molecular axes of anthracene are shown in Fig. 1 . The calculated rotational diffusion coefficients of anthracene D r ,x,D r,y ,D r,z around its three molecular axes are presented in Table II . Calculations were carried out using two independent approaches-by fitting the first-order correlation functions C 1,i (t), iϭx,y,z describing the reorientation of the axes, and by integrating the correlation functions of the CM angular velocity components in the molecular frame ͑see Sec. II͒. The corresponding rotational diffusion coefficients TABLE II. Rotational diffusion coefficients of anthracene in cyclohexane ͑at 280, 296, 310 K͒ and in 2-propanol ͑at 296 K͒ along individual molecular axis. Diffusion coefficients are in rad 2 /ps. calculated by these two methods agreed within their uncertainties in most cases. The only exceptions were D y in cyclohexane at 280 K and D x in isopropanol, for which the two calculated values differed by up to twice the sum of errors. These deviations are probably related to the relatively poor sampling of orientations due to slow rotation in the simulations in question ͑see Sec. II͒. Examples of the calculated C 1 correlation functions for axis reorientation and of anthracene AVACFs are presented in Figs. 2 and 3 .
The rotational diffusion of anthracene found in the simulations is highly anisotropic, with ratios of greatest to smallest diffusion coefficients ranging from 6:1 to 4:1 ͑Table II͒. Additionally, the diffusion coefficients undergo nonuniform changes with temperature and solvent type. In cyclohexane there is a systematic tendency for fastest rotation around the x axis. Rotations around y and z occur at similar rates in the 280 K cyclohexane simulation, but D z becomes markedly larger than D y at 296 and 310 K. Comparison of the cyclohexane and isopropanol 296 K simulations also shows a highly nonuniform change in diffusion coefficients. D x becomes significantly lower in isopropanol, D z is slightly increased, while D y remains practically the same as in cyclohexane, within the uncertainties. In isopropanol the pattern of rotational diffusion changes qualitatively, with motion around z becoming at least as fast as ͑based on AVACF͒ or faster than ͑based on C 1 ͒ around x.
For an asymmetric ellipsoid under slip conditions, we would expect similar diffusion rates around x and z and a Table II͒ . 24 The isopropanol simulation results fall somewhere in between the latter two theoretical predictions. The cyclohexane result of fastest rotational diffusion around x is in qualitative disagreement with hydrodynamic theory predictions for ellipsoids with axis ratios consistent with the shape of the anthracene solute. Interestingly, D r,x becomes the largest diffusion coefficient for an axis ratio that is only slightly different-1.0:0.6:0.4 ͑Table II͒. It thus seems that anthracene falls into a boundary region between prolate-and oblatelike shapes, and small differences in assumed shapes lead to markedly different values of D r,x , D r,y , and D r,z . The average diffusion coefficient D r does not exhibit such sensitivity.
C. Solvent structure
Some of the nonuniform changes of diffusion patterns with temperature and solvent may be rationalized by analyzing the solvent distributions around anthracene in the different simulations. Due to the large size and relatively complex structure of the solute, only limited information could be extracted from atom-atom pair correlation functions. For this reason we focus on the more informative 3D solvent distributions calculated in the solute-fixed frame ͑see Sec. II for details͒. The three-dimensional solvent distributions provide a powerful description of solvation and reveal several interesting features, presented in Figs. 4-11 .
The cyclohexane results show the presence of a well defined first solvation shell and two additional, less defined shells around anthracene ͑Figs. 4-8͒. Further, a definite solvent structure appears in the solute molecular plane, with eight well-resolved density peaks. At 280 K the solvation structure is more resolved than at the higher temperatures, with better separation of density peaks in the first solvation shell, and less smearing out of the density in the second and third solvation shells ͑Fig. 4-7͒. The more rigid solvent structure in the solute plane would explain the significant slowing down of the rotation around the z axis at 280 K. Especially interesting are the changes with temperature in the ''solvent cap'' above and below the anthracene plane. At the higher temperatures-296 and 310 K, the solvent density in this region is concentrated at the center of the solute. At 280 K we can see well resolved solvent density peaks above and below the anthracene molecular plane; if the anthracene molecule were modeled as a rectangle, the increased solvent density would be over the rectangle corners ͑Figs. 5 and 7͒. This pattern of solvation could be expected to hinder rotation around the x and y axes. The slowing down of rotation around x at 280 K found in the simulations is consistent with this picture. However, the simulations indicate that the rota- tion around y remains approximately constant, at all studied temperatures and in both solvents ͑Table II͒. Thus it appears that the rotation around y, which displaces the most solvent, depends only weakly on the details of the solvent structure. The solvent structure in the 310 K simulation is very similar to the 296 K results, and is not shown, The solvation of anthracene by isopropanol is markedly different than that by cyclohexane. As seen using molecular graphics, 82 the isopropanol molecules interact strongly with each other, tending to form hydrogen-bonded chains. This explains why the structure of isopropanol is less perturbed by the presence of anthracene. In the 296 K isopropanol simulation only one solvation shell is well resolved ͑Figs. 9-11͒. Eight solvent peaks may be seen in the solute molecular plane, which are less well defined than in cyclohexane. This more ''loose'' structure of the solvation shell in the anthracene plane may explain the faster diffusion rate around the z axis in isopropanol relative to cyclohexane. An interesting picture emerges when carbon and oxygen atom distributions above the anthracene molecular plane are analyzed separately ͑Figs. 9 and 10͒. While the carbon distribution yields a simple, relatively smeared out first solvation shell, the oxygen distribution is split into two components, corresponding to isopropanol molecules oriented toward and away from the solute ͑Figs. 10 and 11͒. It is the former component in which the closest contacts between isopropanol molecules and anthracene carbons occur. The presence of this component may explain the preferential slowing down of the rotation around the x and y axis in isopropanol as compared to cyclohexane. Preferential interactions of hydroxyl oxygens with aromatic rings have been observed previously. 
D. Comparison with experiment
Table III characterizes the C 2 correlation functions derived directly and indirectly from our simulations and from hydrodynamic models. These results-values of the two relaxation times 1 and 2 as well as weights of the two exponents in C 2 (t)-are directly comparable to experimental data ͑see Sec. II͒. The C 2,y (t) decays obtained from the simulations are shown in Fig. 12 .
Our simulation results predict 1 values of 13-71, 7-9, and 7-8 ps for anthracene in cyclohexane at 280, 296, and 310 K, and 2 of 26-143, 18-22, and 15-18 ps under the same conditions. For anthracene in isopropanol at 296 K we obtain 1 of 11-16 ps and 2 of 22-48 ps. Generally, the sets of different results obtained for a given system based on VACF, C 1,i (t) and C 2,i (t) are internally consistent, with results obtained by different methods agreeing within their statistical errors. The agreement between results obtained by different methods is best for cyclohexane at 296 and 310 K, where the relaxation times are shortest and thus the best statistics are obtained. The widest distribution of calculated values is for cyclohexane at 280 K, where the relaxation times are longest and the statistics are poorest. Various effects contribute to make reliable computations of the rotational relaxation times difficult. In the indirect approaches based on Eq. ͑6͒, 1 and 2 are obtained from D r and ⌬, which are already derivative quantities in terms of the basic parameters D r,x , D r,y , D r,z . The reliability of 2 values is further limited by the fact that they are obtained from a difference of two positive quantities D r and ⌬. Extracting the two relaxation times by direct fitting of C 2,i (t) is also complicated by the noisiness of the data and the fact that the weight of one of the exponentials is often small.
The range covered by the simulation results overlaps with the different hydrodynamic theory values obtained under reasonable assumptions about anthracene shape and size. For the three cyclohexane simulations, the MOL AVACF results correlate very well with slip hydrodynamic predictions for a triaxial ellipsoid with volume 223 Å 3 and axis ratios of either 1:0:0.7:0.3 or 1.0:0.6:0.4, the latter being the shape which also best reproduced the calculated diffusion anisotropies. For the isopropanol simulation the calculated reorientation times agree with slip hydrodynamic results for axis ratios of either 1.0:0.6:0.4 or 1.0:0.7:0.4, which bracket the shape found from excluded volume analysis ͑1.00:0.69:0.35, see Sec. II͒. Our simulation results are consistent with the finding of faster rotational diffusion in alcohols compared to alkane solvents of similar viscosity. 57 As can be seen from Table III , both simulations and hydrodynamic theory predict that the term with the shorter relaxation time 1 will be a major component of C 2,y (t), with weights in the 0.6-1.0 range. For C 2,x (t) the opposite is predicted, with major contributions from the 2 term.
Most available experimental data, including our measurements, are for the reorientation of the short in-plane axis of anthracene, y in our notation ͑Fig. 1͒, which is the direction of the S 0 →S 1 transition dipole. 33, 45, 56 Fluorescence depolarization measurements of rotational reorientation times shown in Table IV . Since it was not possible to discern more TABLE III. Reorientation times of anthracene in cyclohexane ͑at 280, 296, 310 K͒ and in 2-propanol ͑at 296 K͒. Reorientation times are in ps. Table III , consistent with the high amplitude for the shorter relaxation time for reorientation of the emission axis (y). The closest agreement is found with the correlation times calculated by the AVACF method. Similarly, for anthracene in isopropanol at 296 K the measured rotational correlation time ͑14 ps͒ is closest to the predicted 1 reorientation time.
The experimental results are in good agreement with DSE theory under slip boundary conditions. Figure 13 shows the dependence of the measured rotational reorientation time on the ratio /T of viscosity to temperature. For comparison, the slip hydrodynamic predictions for the /T dependence of 1 are also shown in Fig. 13 . The experimentally determined rotational relaxation times agree well with slip predictions for axial ratios 1:0.6:0.4 ͑solid line͒ and 1:0.7:0.3 ͑dashed line͒ and a volume of 223 Å 3 . 23, 24 Although the data shown in Fig. 12 roughly follow slip boundary conditions, a single parameter ͑the viscosity͒ clearly cannot account completely for the observed solvent dependence. A dependence of the apparent friction on the nature of the solvent has been noted previously. 57 Hence, a consistent viscosity dependence observed for rotational relaxation in a series of like solvents may not generalize to dissimilar solvents. For example, the slight difference in the apparent viscosity dependence for isopropanol and cyclohexane is consistent with previous observations of a lower friction coefficient for nonpolar solutes in alcohols compared to alkanes. 57 The relatively higher friction and longer reorientation times at a given viscosity found previously for anthracene in acetone-d 6 , benzene-d 6 , ethylene chloride, and carbon tetrachloride 56 may also reflect specific solute-solvent interactions or the solvent structure surrounding the solute. Such factors may affect the microscopic friction in ways that are not reflected in the viscosity, which is a property of the pure solvent.
Dorfmuller et al. 33 measured both the long (x) and short (y) axis reorientation times for anthracene at room temperature, each in a different solvent. The reduced reorientation time 1 T/ around the y axis for anthracene in paraffin was from 1.66ϫ10 3 to 1.85ϫ10 3 (ps K/cP), 33 which is nearly identical to the dependence observed here for anthracene in isopropanol, even though the rotational time in paraffin is three orders of magnitude longer. Additionally, these authors found that the reduced reorientation time / of the x axis was ϳ3.5 times that for y. This is in qualitative agreement with our 296 K simulation results -in cyclohexane and isopropanol 2 / 1 ratios were between 2 and 3.
E. General features of anthracene motion
Some general observations about the motion of the anthracene molecule may be made based on the simulation results. Thus anthracene undergoes free motion on subpicosecond time scales, its translations and rotations are randomized over a period of several picoseconds, and it performs diffusive-type motion over hundreds of picoseconds. On the shortest time scales of 0.1-0.3 the C 1 (t) and C 2 (t) correlation functions for molecular axis reorientation have Gaussian shape, and may be fitted by e ϪkTt 2 /2I with I the moment of inertia, as expected for a free rotor. Linear variation of CM displacement and rotation with time persists for longer times-up to several picoseconds. In our model anthracene is flexible, with only C-H stretch vibrations eliminated by SHAKE constraints. Although the data for C 1 and C 2 calculations are sampled every 0.05 ps, which is comparable with the period of the slowest anthracene oscillation, we do not see any vibrational effects in the correlation functions. Both the angular velocity and velocity autocorrelation functions ͑not shown͒ decay essentially to zero within 2-3 ps. This is thus the period during which the translation and rotation of the solute are randomized through multiple collisions with solvent. Except for the subpicosecond time scales, the C 1 correlation functions for reorientations of the molecular axes of anthracene may be reasonably well fitted by single exponential decays, especially within the first 100-200 ps. For longer times some deviations are found, especially in the simulations with smaller mobility. However, since in these situations the data sampling deteriorates, reliable conclusions cannot be drawn from this behavior. The square of the CM displacement is linear with time for up to 300-400 ps ͑not shown͒, while the square of the angle of CM rotation is approximately linear with time for up to 50-100 ps. Thus, the motion of anthracene may be described as diffusional on time scales of tens to hundreds of picoseconds. The smaller region of diffusive behavior seen in the CM rotation may be due to the limitation of the formula to small angles-the average will not be correct if angles above are encountered.
IV. CONCLUSIONS
We have employed a two-pronged approach, using both fluorescence anisotropy decay measurements and molecular dynamics simulations, to investigate the rotational diffusion of anthracene as a function of temperature and solvent type. The fluorescence measurements yielded rotational reorientation times for the S 0 →S 1 transition dipole ͑short axis, y in our notation͒. Molecular dynamics simulations were used to calculate the average rotational diffusion coefficients, diffusion coefficients and reorientation correlation functions for the individual molecular axes, as well as the average distribution of solvent molecules around the anthracene solute. The calculated time constants for reorientation of the short in-plane axis were 7-9 and 11-16 ps at 296 K in cyclohexane and 2-propanol, respectively, in excellent agreement with corresponding fluorescence depolarization measurements of 8 and 14 ps.
The calculated average rotational diffusion coefficients, as well as both calculated and measured rotational reorientation times varied approximately in accord with DebyeStokes-Einstein theory. Their magnitudes were close to values predicted for an ellipsoid of shape and size equivalent to an anthracene molecule under slip conditions, and exhibited predictable variation with external conditions-increasing with temperature and decreasing with solvent viscosity. However, it is clear that a single parameter-the viscositycannot account completely for the observed solvent dependence in the simulated and measured reorientation times, and that details of the microscopic solute-solvent interactions have to be considered.
Further, detailed analysis of the calculated rotational diffusion coefficients for the individual molecular axes gave a more complex picture of solute diffusion. The diffusion was highly anisotropic and changes in temperature and solvent type led to nonuniform variation of the diffusion coefficients. The nature of these changes could be rationalized based on analysis of variation of solvation patterns with temperature and solvent. In the case of cyclohexane, which exhibits weak self-interactions, the main effect seen was the appearance of more and better defined solvent density peaks around the solute at lower temperatures. In isopropanol, which is strongly self-interacting and forms hydrogen-bonded chains, a close contact between the hydroxyl oxygen and the anthracene plane was detected, which does not occur for either isopropanol or cyclohexane carbons. Both these effects correlate with corresponding changes in diffusion anisotropy.
Our results suggest that the general agreement of the average rotational correlation times with simple theories, often observed for probe molecules such as anthracene, 57 may disguise interesting and informative variations in the rotational diffusion coefficients for specific molecular axes. These variations may reflect specific solute-solvent interactions and the microscopic effects of solvent structure. Our results should be a helpful reference for analyzing experimental and simulation results of tethered chromophoric probes. We hope that our findings of interesting physical effects in the simple anthracene system will stimulate new experimental, simulation and theoretical investigations aimed at improved understanding of molecular diffusion. Our study of the relatively rigid anthracene molecule is also a good starting point on the way to simulating diffusion of more complex, flexible systems of biological interest, such as peptides.
We have used several different methods in our calculations of rotational diffusion coefficients, among which using angular velocity correlation functions in the molecular frame appears to be superior to the alternatives. This method yielded rotational reorientation times in best agreement with experimental results for the systems studied here. The angular velocity autocorrelation approach was also technically simplest, as it did not involve fitting of noisy data to assumed functional forms.
